INTRODUCTION {#sec0005}
============

Alzheimer's disease (AD) is the most common form of dementia, characterized by a profound memory loss and contributes to 50--70% of neurodegenerative disease among adults \[[@ref001]\]. AD is characterized by the accumulation of senile amyloid-β plaques (Aβ~40~ and Aβ~42~) and hyperphosphorylated tau in the medial temporal lobe and in cortical areas of the brain. Currently there are 47 million cases of AD worldwide which are expected to rise to 76 million in 2030 and the treatment cost is \$604.00 billion per year \[[@ref001]\].

The abnormal hyperphosphorylation of tau is the key driver of neurofibrillary degeneration in AD. *In vitro* kinetic studies of the binding between hyperphosphorylated tau and normal tau suggested that Ser202/396 and Thr205 are among the critical phosphorylation sites that result in sequestration of hyperphosphorylated tau into microtubule associated proteins and self-aggregation of tau into filaments, which are the hallmarks of AD \[[@ref002]\]. The proline-directed serine/threonine kinases such as glycogen synthase kinase 3 (GSK3) and cyclin dependent kinase 5 (Cdk5), have been known as the leading applicants arbitrating abnormal tau hyperphosphorylation \[[@ref002]\]. GSK3 consists of the highly homologous GSK3*α* and GSK3β and is constitutively active in unstimulated cells under normal circumstances. Therefore, the regulation of GSK3 through phosphorylation at specific residues is a key control mechanism for its activity. Phosphorylation at Ser9 and Ser21 are the most common mechanisms of GSK3*α*/β inactivation. In contrast, autophosphorylation of GSK3β at Tyr216 enhances the stability and the activity of GSK3. In addition, Cdk5 has also been linked to increased tau phosphorylation via its activator p35/p25 in AD \[[@ref004]\]. Increased levels of Cdk5 have been found in the brain of AD patients \[[@ref005]\]. Although Cdk5 activation via p35 has been associated with the physiological activity of Cdk5, the truncated form p25 abnormally stimulates Cdk5 signaling leading to abnormal phosphorylation of tau \[[@ref006]\]. Thus, efforts have been made by several research groups on the development of precise inhibitors for GSK3 and Cdk5 as prospective therapeutic treatments in tauopathies \[[@ref004]\]. However, the inhibition of key kinases could lead to potential adverse effects on AD patients. It is unclear whether a brief or sustained inhibition of Cdk5 and GSK3 is necessary to attenuate tau hyperphosphorylation. In addition, the progression rate in affected AD patients is largely unknown since the precise pathological changes in AD \[[@ref002]\]. Currently, no permanent curative or protective treatment is available for AD. Thus, it is important to develop new pharmacological compound (s) or to identify the natural compound (s) for the management of AD.

Scopolamine is a muscarinic cholinergic receptor antagonist. It is commonly used for the study of cognitive deficiency in animal models of AD \[[@ref007]\]. Donepezil is frequently used to treat patients with mild to moderate AD. Hence, this study explored a more effective therapeutic agent in the treatment of AD in humans based on a natural compound present in turmeric.

Curcumin is a scavenger of free radicals and has anti-inflammatory properties \[[@ref012]\]. Importantly, curcumin can cross the blood-brain barrier (BBB) due to its lipophilic nature and can bind to amyloid plaques, abrogates behavioral impairment \[[@ref013]\], and also reduces acute and chronic inflammations \[[@ref012]\], which are all associated with AD pathogenesis. Moreover, curcumin ameliorates defective insulin signaling in scopolamine-induced AD rats \[[@ref007]\].

Therefore, in our study, the effect of curcumin on the key driver proteins of AD such as Aβ~40~, Aβ~42~, unaggregated oligomeric fibrillary forms of Aβ, and phosphorylated tau (Ser396, Ser202/Thr205) in the brain and in plasma were examined in scopolamine-induced AD-like changes in rats. Our study also evaluated the effects of curcumin on the key regulators of tau phosphorylation such as GSK3*α*/β, Cdk5, and its activators p35/p25 in the brain of AD rats. Donepezil was used as a reference drug throughout our study.

MATERIALS AND METHODS {#sec0010}
=====================

Animals {#sec0015}
-------

Male Sprague Dawley rat (*n* = 32) aged 60--70 days weighing 300±20 g were used in our study. They had free access to food (Specialty Feeds, Western Australia) and water, and were maintained under the standard laboratory conditions (alternating light and dark cycles, each for 12 h). The animal handling and experiments were performed in accordance with the institutional guidelines (Reference No: UBD/AVC-RI/1.26) by PAPRSB Institute of Health Sciences Research Ethics Committee and Universiti Brunei Darussalam Research Ethics Committee.

Materials {#sec0020}
---------

Scopolamine, donepezil, and curcumin were purchased from Sigma-Aldrich, United States. Protease inhibitor tablets were purchased from Roche Applied Science (Mannheim, Germany). Immunohistochemistry kit (R.T.U. Vectastain Universal Elite ABC Kit and DAB kit) was purchased from Vector Laboratories (CA, USA). Pierce™ BCA Protein Assay Kit and ECL advanced reagent kit were purchased from Thermo Fisher Scientific (MA, USA) and Bio-Rad (CA, USA), respectively. Antibodies PHF13, p-GSK3 (Ser9/Ser21) and p-GSK3β (Tyr216) were purchased from Cell Signaling; AT8 was purchased from Thermo Fisher Scientific; MOAB2 was purchased from LifeSpanBioSciences; GSK3β was purchased from Millipore; Cdk5 and p35/p25 were purchased from Santa Cruz; and β-Actin were purchased from Sigma, respectively. All analytical grade reagents were purchased from Merck, Germany and Sigma Aldrich, USA.

Drug interventional studies {#sec0025}
---------------------------

The rats (*n* = 32) were randomly divided into four different groups with 8 rats for each group as follows: 1) control (saline-treated) (*n* = 8), 2) scopolamine-induced (*n* = 8), 3) scopolamine+donepezil-treated (*n* = 8), and 4) scopolamine+curcumin-treated (*n* = 8). The control group was administered with 0.9% saline (w/v) for 28 consecutive days. Scopolamine (2.5 mg/kg), was administered to all the groups through the intraperitoneal route as a disease inducer. The treatment groups were given donepezil (5 mg/kg) and curcumin (80 mg/kg) by oral gavage for 28 consecutive days ([Table 1](#adr-3-adr190135-t001){ref-type="table"}). Both curcumin and donepezil were dissolved in saline (vehicle). Our study did not observe any signs of suffering in animal, although oral gavage was an invasive procedure.

###### 

Experimental design and drug doses in different groups of rats

  Group No.   Name of groups       Compound and drug administered
  ----------- -------------------- ----------------------------------------------------------
  1           Control              Saline (0.9% w/v) i.p.
  2           Disease Control      Scopolamine (2.50 mg/kg) i.p.
  3           Standard Treatment   Scopolamine (2.50 mg/kg) i.p. + Donepezil (5 mg/kg) oral
  4           Test group           Scopolamine (2.50 mg/kg) i.p + Curcumin (80 mg/kg) oral

Behavioral studies {#sec0030}
------------------

### Rectangular maze test {#sec0035}

The maze consisted of a completely enclosed rectangular box with an entry and reward chamber appended at the opposite ends. The box was partitioned with wooden slats into blind passages leaving just twisting corridor leading from the entry to the reward chamber. Transfer latency (the time taken to reach the reward chamber) was recorded beginning from day 1 till day 28. Three readings were taken per animal, mean was calculated and indicated as learning score (transfer latency) for that animal. Lower scores indicated efficient learning while higher scores indicated poor learning in animals \[[@ref014]\].

### Locomotor activity test {#sec0040}

Rats were placed individually in the activity cage for 5 min and their movements were recorded beginning from day1 till day 28. The photo cell count was recorded and the respective decrease or increase in locomotor activity was calculated \[[@ref014]\].

Brain tissue collection {#sec0045}
-----------------------

After 28 days of treatment, rats were sacrificed using CO~2~ anesthetization \[[@ref007]\]. The brains were collected in cold 1X PBS (pH 7.4) (Bio-Rad, CA, USA). Four brains from each group were used for immunohistochemistry (IHC) and immunoblotting separately.

Isolation of plasma {#sec0050}
-------------------

After 28 days of treatment, 5 ml of blood was collected from each group of rats and was fractionated by centrifugation at 3000× *g* for 15 min. Supernatants (plasma) were collected and stored frozen at --80°C until further use.

Tissue studies {#sec0055}
--------------

### Immunohistochemistry and scoring {#sec0060}

Brains from each group (*n* = 4) were washed in phosphate buffered saline (pH 7.4), and were subsequently processed. Brain sections from different groups of rats (*n* = 4 at each time point for each rat) were used for IHC using R.T.U Vectastain Universal Elite^®^ ABC Kit (Vector Laboratories, USA). Tissue sections were incubated with primary antibodies GSK3 (Ser9/21), GSK3β (Tyr216), total GSK3β, Cdk5, and p35/p25 at 4°C overnight. Subsequent procedures were performed according to the manufacturer's instruction (Vector Universal elite^®^ ABC kits, Vector Laboratories, USA). A series of four representative images per section was collected. IHC analyses were scored according to the intensity of staining and percentage of positive cells stained with respective antibodies. The scoring was done as follows: 0, \<5% (negative); 1, 5--25% (weak); 2, 25--50% (moderate); 3, 50--75% (strong), and 4, \>75% (very strong) \[[@ref016]\]. The analysis (*n* = 4) was done in triplicate.

### Preparation of brain homogenates {#sec0065}

Four rat brains (*n* = 4) from each group were snapped frozen in liquid nitrogen. The weights of the brains were measured. 1X Cell lysis buffer (Cell Signaling Technology) containing protease inhibitor (Roche) was added in a 40% w/v ratio, homogenized (Thermo Scientific) using 3 pulses of 10 s each, with a 5 s interval on ice. Issue lysates were diluted 10-fold in 1X cell lysis buffer and sonicated (Thermo Scientific) to ensure complete lysis in between pulses. The crude brain homogenates were stored at --80°C until further use. Protein concentrations were determined using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific).

### ELISA {#sec0070}

The levels of Aβ~40~ and Aβ~42~ in the plasma (*n* = 8) and in the brain (*n* = 4) were determined using Human Aβ (1--40) (N) assay kit (IBL, Gunma, Japan) and Human Aβ (1--42) assay kit (Immuno-biology) (IBL, Gunma, Japan), respectively, according to the manufacturer's instructions. Absorbance was measured at 450 nm by ELISA (BioTek Instruments Winooski, USA).

### Immunoblotting {#sec0075}

50 μg of total brain lysate was boiled at 95°C for 10 min in 4X gel-loading buffer. The protein extract was separated by gel electrophoresis, and transferred onto nitrocellulose membrane, blocked, and probed with their respective primary antibodies. The protein bands were visualized by chemiluminescence using Clarity™ Western ECL Substrate (Bio-Rad). Blots were digitally developed using VersaDoc™ imaging system (Bio-Rad). Pre-stained Precision Plus™protein standards (Bio-Rad) were used to estimate the apparent molecular weight of the protein bands. β-actin (Sigma, USA) was used as an internal control in all analyses to ensure comparable protein loading. The phospho-proteins levels were normalized with corresponding total protein.

### Coimmunoprecipitation {#sec0080}

Brain lysates containing 1 mg of protein were diluted with 1 ml of ice-cold 1X Cell lysis buffer (Cell Signaling Technology) with proteinase inhibitor (Roche). The mixture was rotated with Cdk5 antibody for 4 h at 4°C, lysates were rotated with 40 μl of Protein A/G PLUS-Agarose beads (sc-2003, Santa Cruz) overnight at 4°C. The supernatant was removed by centrifugation 10000× *g* at 4°C for 10 min. Agarose beads were washed 3 times in 1X Cell lysis buffer. The bound protein was dissociated from the agarose beads by boiling the beads for 5 min in 2× Laemmli sample buffer and immunoblotted for p35 and p25 subunits. Densitometry analysis was performed by using NIH ImageJ software to measure the optical densities of the targeted protein band and normalized to the intensity of the endogenous β-actin level.

Statistical analysis {#sec0085}
--------------------

Data were expressed as mean±standard error (S.E.) and analyzed using SPSS 20.0 statistical software (SPSS Inc., Chicago, IL, USA). The *post-hoc* test were used after ANOVA analysis. A *p* value of less than 0.05 was considered significant.

RESULTS {#sec0090}
=======

Reduced spatial memory and locomotor activity in scopolamine-induced AD rats and marked reversal by curcumin {#sec0095}
------------------------------------------------------------------------------------------------------------

The spatial memory test was executed using the rectangular maze ([Fig. 1](#adr-3-adr190135-g001){ref-type="fig"}a). The transfer latency was significantly decreased (*p* \< 0.01) in saline-treated rats from day 14 till day 28 compared to other groups of rats, indicating higher efficiency of learning in saline-treated rats. However, transfer latency was significantly increased (*p* \< 0.001) in scopolamine-induced AD rats during this time period, indicating progressive loss of efficiency of learning in scopolamine-induced AD rats. Additionally, transfer latency was progressively decreased (*p* \< 0.001) in either donepezil- or curcumin-treated AD rats during this time period. Importantly, in comparison to donepezil-treated AD rats, the transfer latency was markedly decreased (*p* \< 0.001) in curcumin-treated AD rats ([Fig. 1](#adr-3-adr190135-g001){ref-type="fig"}a).

![Behavioral studies of animals. (a) Rectangular maze test and (b) locomotor activity test of AD rats and following treatment. The assay was performed in triplicate. Data expressed as mean±S.E. (^\*^*p* \< 0.001, ^\*\*^*p* \< 0.01, and ^\*\*\*^*p* \< 0.05 versus saline-treated group; ^\#^*p* \< 0.001, ^\#\#^*p* \< 0.01, and ^\# \# \#^*p* \< 0.05 versus scopolamine-induced AD rats, ^∧^*p* \< 0.001, ^∧∧^*p* \< 0.01, and ^∧∧∧^*p* \< 0.05 versus scopolamine-donepezil rats. *n* = 8). Cont., control; Scop., scopolamine; Done., donepezil; Curc., curcumin.](adr-3-adr190135-g001){#adr-3-adr190135-g001}

[Figure 1](#adr-3-adr190135-g001){ref-type="fig"}b shows the locomotor activity in four groups of AD rats. The locomotor activity was significantly increased (*p* \< 0.001) in saline-treated rats from day 24 till day 28 compared to other groups of rats. However, locomotor activity was significantly decreased (*p* \< 0.001) in scopolamine-induced AD rats during this time period. Moreover, locomotor activity was progressively increased (*p* \< 0.01) in either donepezil- or curcumin-treated AD rats during this time period. Importantly, in comparison to donepezil-treated AD rats, the locomotor activity was markedly increased (*p* \< 0.01) in curcumin-treated AD rats ([Fig. 1](#adr-3-adr190135-g001){ref-type="fig"}b).

Increased number of immunostained cells positive for hallmark proteins in scopolamine-induced AD rats' brains and marked reversal by curcumin {#sec0100}
---------------------------------------------------------------------------------------------------------------------------------------------

Immunohistochemistry was used to detect the protein expression of GSK3 (Ser9/21), GSK3β (Tyr216), and total GSK3β, Cdk5, and p35/p25 in the cortex region of rat brains ([Fig. 2](#adr-3-adr190135-g002){ref-type="fig"}). From the IHC scoring analysis, it was found that the expression of GSK3 (Ser9/21) was significantly decreased; and GSK3β (Tyr216), total GSK3β, Cdk5, and p35/p25 were increased in AD rats compared to saline-treated rats. Treatment with either donepezil or curcumin in AD rats significantly increased the levels of inactive GSK3 (Ser9/21). GSK3β (Tyr216), total GSK3β, Cdk5, and p35/p25 protein expressions were decreased in curcumin and/or donepezil--treated AD rats ([Fig. 2](#adr-3-adr190135-g002){ref-type="fig"}).

![Immunohistochemistry images of (i) GSK3*α*/β(Ser 9/Ser21), (ii) GSK3β(Tyr 216), (iii) total GSK3β, (iv) Cdk5, and (v) p35/p25 in the brain sections (cortex) of rat that were treated with Cont., Scop., Scop.+Done., and Scop.+Curc. The assay (*n* = 4) was done in triplicate. Lens objective: 40x. Scale bar represents 1 μ. (^\*^*p* \< 0.001, ^\*\*^*p* \< 0.01, and ^\*\*\*^*p* \< 0.05 versus saline-treated group; ^\#^*p* \< 0.001, ^\#\#^*p* \< 0.01, and ^\# \# \#^*p* \< 0.05 versus scopolamine-induced AD rats, ^∧^*p* \< 0.001, ^∧∧^*p* \< 0.01, and ^∧∧∧^*p* \< 0.05 versus scopolamine-donepezil rats. *n* = 4). Cont., control; Scop., scopolamine; Done., donepezil; Curc., curcumin.](adr-3-adr190135-g002){#adr-3-adr190135-g002}

Increased levels of Aβ~40/42~ in the plasma and in the brain of scopolamine-induced AD rats and marked reversal by curcumin {#sec0105}
---------------------------------------------------------------------------------------------------------------------------

Aβ~40~ concentrations in the plasma were 96.22±1.27 pg/ml and 329.88±2.13 pg/ml in saline-treated and in scopolamine-induced rats respectively. Aβ~40~ concentration was decreased to 222.06±6.42 pg/ml in donepezil-treated AD rats. Curcumin treatment in AD rats lowered Aβ~40~ concentration to 208.02±0.86 pg/ml. In addition, the concentration of Aβ~40~ was significantly increased (3-folds, *p* \< 0.001) in scopolamine-induced rats compared to saline-treated control rats. Treatment with donepezil and curcumin in AD rats reduced plasma Aβ~40~ concentration to 1.49-fold (*p* \< 0.001) and 1.59-fold (*p* \< 0.001), respectively, compared to AD rats ([Fig. 3](#adr-3-adr190135-g003){ref-type="fig"}a).

![ELISA analysis of Aβ~40~ and Aβ~42~ content in the plasma (*n* = 8) and in the brain (*n* = 4) at each time point for each rat brain. The assay was performed in triplicate. Each value represents the mean±S.E. ^\*^*p* \< 0.001, ^\*\*^*p* \< 0.01, and ^\*\*\*^*p* \< 0.05 versus saline-treated group; ^\#^*p* \< 0.001, ^\#\#^*p* \< 0.01, and ^\# \# \#^*p* \< 0.05 versus scopolamine-induced AD rats; ^∧^*p* \< 0.001, ^∧∧^*p* \< 0.01, and ^∧∧∧^*p* \< 0.05 versus scopolamine-donepezil rats. Cont., control; Scop., scopolamine; Done., donepezil; Curc., curcumin.](adr-3-adr190135-g003){#adr-3-adr190135-g003}

Similarly, Aβ~40~ concentrations were measured in the brain lysates of all groups. Aβ~40~ concentration was found to be 413.15±4.78 pg/g wet brain mass and 559.85±3.85 pg/g wet brain mass in saline-treated and in AD rats, respectively. Donepezil treatment in AD rats lowered Aβ~40~ concentration to 466.37±6.8 pg/g (*p* \< 0.001) wet brain mass. Treatment with curcumin in AD rats lowered Aβ~40~ concentration to 493.85±2.89 pg/g (*p* \< 0.001) wet brain mass. Taken together, the Aβ~40~ levels in the brain were significantly increased 1.6-fold (*p* \< 0.001) in AD rats compared to saline-treated control rats. Treatment with curcumin in AD rats decreased Aβ~40~ levels 1.28-fold (*p* \< 0.001) compared to AD rats ([Fig. 3](#adr-3-adr190135-g003){ref-type="fig"}b).

Aβ~42~ concentrations were also measured in the plasma in all groups of rats. Aβ~42~ concentrations were 15.51±1.05 pg/ml and 25.35±2.62 pg/ml in saline-treated and in AD rats, respectively. Donepezil treatment in AD rats lowered Aβ~42~ concentration to 18.05±1.13 pg/ml. Treatment with curcumin in AD rats lowered Aβ~42~ concentration to 19.99±0.93 pg/ml. Taken together, plasma Aβ~42~ levels were 1.63-fold higher (*p* \< 0.001) in AD rats compared to saline-treated control rats. Treatment with curcumin in AD rats lowered the Aβ~42~ levels to 1.27-fold (*p* \< 0.001) compared to AD rats ([Fig. 3](#adr-3-adr190135-g003){ref-type="fig"}c).

Similarly, Aβ~42~ levels in the brain lysate were measured in all groups of rats. The levels were 34.91±1.99 pg/g wet brain mass and 65.62±2.84 pg/g wet brain mass in saline-treated and in AD rats, respectively. Treatment with donepezil, Aβ~42~ level was decreased to 44.38±1.88 pg/g wet brain mass. Treatment with curcumin in AD rats, decreased the Aβ~42~ levels to 42.67±1.89 pg/g wet brain mass. Taken together, the levels of Aβ~42~ in the brain were found to be 1.88-fold higher (*p* \< 0.001) in AD rats compared to saline-treated control rats. Treatment with curcumin in AD rats reduced the Aβ~42~ levels 1.54-fold (*p* \< 0.001) compared to AD rats ([Fig. 3](#adr-3-adr190135-g003){ref-type="fig"}d).

Increased levels of tau phosphorylation (PHF13 and AT8), unaggregated, oligomeric, and fibrillary forms of Aβ~40/42~ (MOAB-2) in scopolamine-induced AD rats and marked reversal by curcumin {#sec0110}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Immunoblotting studies in the brain showed the levels of phosphorylated tau at Ser396 (PHF13) ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}, a/a'), Ser202/Thr205 (AT8) ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}, b/b'), unaggregated, oligomeric and fibrillary forms of Aβ~40/42~ (MOAB2) (Fig.4, c/c'). The levels of phosphorylated tau at Ser396, Ser202/Thr205, and unaggregated oligomeric-fibrillary forms of Aβ~40/42~ were increased in AD rat brain 2.9-fold (*p* \< 0.001), 6.88-fold (*p* \< 0.001), and 2.67-fold (*p* \< 0.001), respectively, compared to saline-treated rats. Donepezil treatment lowered the levels of tau phosphorylation at sites Ser396, Ser202/Thr205, and unaggregated oligomeric-fibrillary forms of Aβ~40/42~ 1.87-fold (*p* \< 0.001), 2.45-fold (*p* \< 0.001), and 1.44-fold (*p* \< 0.001), respectively, compared to those in AD rat brains. Similarly, curcumin treatment lowered the levels of phosphorylated tau (Ser396, Ser202/Thr205) and unaggregated oligomeric-fibrillary forms of Aβ~40/42~ 4.24-fold (*p* \< 0.001), 3.58-fold (*p* \< 0.001), and 1.6-fold (*p* \< 0.001), respectively, compared to those in AD rats. Thus, curcumin exhibited distinct reduction in the levels of phosphorylated tau (Ser396, Ser202/Thr205) and unaggregated oligomeric-fibrillary forms of Aβ~40/42~ in AD rats compared to saline-treated control rats ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}).

![Immunoblotting and densitometry analysis of (a) PHF 13, (b) AT8, (c) MOAB-2, (d) p-GSK3β (Ser9), (e) p-GSK3*α* (Ser21), (f) total GSK3β, (g) p-GSK3β (Tyr216), (h) Cdk5, (i) p35, and (j) p25 in brain lysates. The (k) p-GSK3*α* (Ser21)/total GSK3β (0.51-fold, *p* \< 0.05), (l) p-GSK3β (Ser9)/total GSK3β (0.75-fold, *p* \< 0.05) markedly reduced, and (m) p-GSK3β (Tyr216)/total GSK3β ratio was significantly increased (1.03-fold, *p* \< 0.05) in scopolamine-induced AD rats brain lysate. Immunoprecipitation experiments (*n* = 4) with brain lysate of different groups rat were carried out using anti-Cdk5 and anti-p35. Analysis was performed using NIH ImageJ software and the values obtained for the individual protein target for each brain sample were normalized against β-actin from the same brain sample. The assay was done in triplicate and ANOVA was used to analyze the differences among groups. Each value represents mean±S.E. for individual rat brain sample (*n* = 4). Here L1 = Cont., L2 = Scop., L3 = Scop.+Done., and L4 = Scop.+ Curc. ^\*^*p* \< 0.001, ^\*\*^*p* \< 0.01, and ^\*\*\*^*p* \< 0.05 versus saline-treated group; ^\#^*p* \< 0.001, ^\#\#^*p* \< 0.01, and ^\# \# \#^*p* \< 0.05 versus scopolamine-induced AD rats; ^∧^*p* \< 0.001, ^∧∧^*p* \< 0.01, and ^∧∧∧^*p* \< 0.05 versus scopolamine-donepezil rats. Cont., control; Scop., scopolamine; Done., donepezil; Curc., curcumin.](adr-3-adr190135-g004){#adr-3-adr190135-g004}

Increased levels of active GSK3β (Tyr216), Cdk5, and p35/p25 in scopolamine-induced AD rat brains and marked reversals by curcumin {#sec0115}
----------------------------------------------------------------------------------------------------------------------------------

Densitometry analysis showed that the levels of phospho-GSK3β (Ser9) (0.64-fold, *p* \< 0.001) ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}d/d') and phospho-GSK3· (Ser21) (0.54-fold, *p* \< 0.001) ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}e/e'), were significantly decreased in AD rat brain compared to the saline-treated group. Furthermore, the levels of phospho-GSK3β (Tyr216) (1.08-fold, *p* \< 0.05) ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}f/f') and total GSK3β (1.09-fold, *p* \< 0.05) ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}g/g') were increased in AD rat brain compared to saline-treated rat brain. The levels of GSK3β and phospho-GSK3β (Tyr216) were significantly decreased (*p* \< 0.001) compared to scopolamine-induced rats after treatment with either donepezil or curcumin separately in AD rats. However, the levels of phospho-GSK3*α* (Ser21) (0.73-fold, *p* \< 0.01) and phospho-GSK3β (Ser9) (0.49-fold, *p* \< 0.01) were not markedly reduced by either donepezil or curcumin ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}).

Additionally, we examined the protein expression levels of Cdk5 ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}h/h'), p35 ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}i/i'), and p25 ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}j/j') in the rat brain by co-immunoprecipitation followed by immunoblotting ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}). Densitometry analysis found that the levels of Cdk5 (1.12-fold, *p* \< 0.01), p35 (1.29-fold, *p* \< 0.001), and p25 (3.0-fold, *p* \< 0.001) were significantly increased in AD rats compared to the saline-treated control rats. However, the levels of Cdk5 (0.89-fold, *p* \< 0.001), p35 (0.89-fold, *p* \< 0.001), and p25 (0.63-fold, *p* \< 0.001) were decreased after treatment with either donepezil or curcumin as compared to untreated AD rats ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}).

DISCUSSION {#sec0120}
==========

Results from numerous studies had shown the cognitive impairments in scopolamine-induced subjects \[[@ref007]\]. In our study, the effect of scopolamine treatment on spatial memory and locomotor activity test in all groups of rats were assessed by the rectangular maze test and actophotometer ([Fig. 1](#adr-3-adr190135-g001){ref-type="fig"}). AD rats exhibited the longest time to complete the maze, thereby indicating a reduced spatial memory performance. In addition, as shown in [Fig. 1](#adr-3-adr190135-g001){ref-type="fig"}, impaired spatial memory and locomotor activity in AD rats were markedly improved after treatment with either donepezil or curcumin.

Although the exact roles of Aβ~40~ and Aβ~42~ in AD development had not been fully elucidated, it was suggested that reduction in Aβ~42~ levels could reduce the risk of AD development \[[@ref017]\]. Our study showed that the levels of Aβ~40~ ([Fig. 3](#adr-3-adr190135-g003){ref-type="fig"}a, b), Aβ~42~ ([Fig. 3](#adr-3-adr190135-g003){ref-type="fig"}c, d) in the plasma, and tau phosphorylation ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}) were significantly elevated (*p* \< 0.001) in the brain lysates of scopolamine-induced AD rats, compared to saline-treated control rats. Furthermore, our study showed a reduced memory performance ([Fig. 1](#adr-3-adr190135-g001){ref-type="fig"}) in AD rats, which be due to elevated the Aβ aggregation and tau hyperphosphorylation in the brain \[[@ref019]\]. Moreover, defective insulin signaling had shown to cause abnormal tau phosphorylation and Aβ~40/42~ accumulation \[[@ref020]\]. Interestingly, we showed that curcumin improved impaired insulin signaling in AD rats \[[@ref007]\]. Previous studies \[[@ref017]\] showed that the accumulation of Aβ aggregation leads to AD neurodegeneration. In our study, the levels of Aβ~40~ and Aβ~42~ ([Fig. 3](#adr-3-adr190135-g003){ref-type="fig"}) were increased in the brain and in the plasma. Furthermore, unaggregated-oligomeric and fibrillary forms of Aβ~40/42~ ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}c/c') were also increased in AD rat brains. Moreover, neurofibrillary tangle (NFT) accumulation that contains hyperphosphorylated tau is one of the hallmarks of AD. In our study, tau phosphorylation ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}) was significantly increased in scopolamine-induced AD rat brains.

Previous studies indicated that GSK3β is a key enzyme that leads to the tau hyperphosphorylation in AD \[[@ref021]\]. Both GSK3*α* and GSK3β lead to increased Aβ aggregation and tau hyperphosphorylation \[[@ref024]\]. The dysfunctionality of GSK3 is involved in AD \[[@ref025]\]. The activity of GSK3 depends on the phosphorylation at the specific sites of GSK3; phospho-GSK3*α* (Ser21) and phospho-GSK-3β (Ser9) both of which can inhibit the GSK3β activity \[[@ref026]\]; whereas phospho-GSK3β (Tyr216) increases the activity of GSK3β \[[@ref024]\]. Our study showed a significant reduction of the expression of phospho-GSK3β (Ser9) (*p* \< 0.001) and phospho-GSK3*α* (Ser21) in AD rats compared to saline-treated AD rats. However, the expression of GSK3β and phospho-GSK3β (Tyr216) were significantly increased (*p* \< 0.01) in AD rats compared to saline-treated rats. In comparison, the expression of phospho-GSK3*α* (Ser21) was not markedly improved by curcumin in AD rats. However, the levels of phospho-GSK3β (Tyr216) (*p* \< 0.001) and total GSK3β were significantly decreased (*p* \< 0.001) by curcumin in AD rats compared to scopolamine-induced AD rats ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}). Our study demonstrated that the reduced levels of phospho-GSK3*α* (Ser21) and phospho-GSK3β (Ser9) (*p* \< 0.001) (inactive forms of GSK3β), and increased levels of phospho-GSK3β (Tyr216) (active form of GSK3β, and the total GSK3β) could possibly explain the increased levels of Aβ~40/42~ in the brain ([Fig. 3](#adr-3-adr190135-g003){ref-type="fig"}) with a concomitant increase of tau phosphorylation (Ser396, Ser202, and Thr205) in AD rats ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}). The lowered levels of phospho-GSK3β (Tyr216) in AD rats could potentially cause curcumin to lower the levels of Aβ~40/42~ in AD rats, ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}), resulting reduced tau phosphorylation and Aβ aggregation in the brain ([Fig. 3](#adr-3-adr190135-g003){ref-type="fig"}).

Cdk5 has also been suggested to directly induce tau phosphorylation at disease-associated sites such as Ser396, Ser202, and Thr205 that might trigger NFT formation as reported previously \[[@ref028]\]. Interestingly, Cdk5 has been implicated in the priming of tau at the distinct sites of Ser202, Ser235, and Ser404 for GSK3β \[[@ref030]\]. Priming of these sites by Cdk5 and subsequent GSK3β-catalyzed phosphorylation at the adjacent sites resulted in the generation of the disease-associated phospho-epitopes, Ser396, Ser202, and Thr205 \[[@ref002]\]. Presumably, the increased levels of p25 in AD rats in our study led to simultaneous hyperactivation of both Cdk5 and GSK3, and these two kinases synergized to induce tau hyperphosphorylation at these critical sites. Several studies indicated that Aβ~42~ stimulated the cleavage of p35 to p25 \[[@ref032]\] and increased the activity of CDK5 \[[@ref033]\] ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}). The increased levels of Cdk5, p35, and p25 observed in our study might be due to increased levels of Aβ~40/42~ in AD rats. We also observed a reduction in the expression levels of active Cdk5 and its subunits p25/p35 in donepezil- or curcumin-treated AD rats compared to scopolamine-induced AD rats, indicating their protective effects in AD pathogenesis ([Fig. 4](#adr-3-adr190135-g004){ref-type="fig"}).

Conclusion {#sec0125}
----------

In conclusion, our results suggested that curcumin reduced the levels of GSK3β, Cdk5, p35, and p25. Curcumin also decreased the levels of active GSK3β (Tyr216) resulting decreased tau phosphorylation ([Fig. 5](#adr-3-adr190135-g005){ref-type="fig"}). Most importantly, curcumin abrogated Aβ~40/42~ and tau hyperphosphorylation in AD rats. Moreover, reduced spatial memory and locomotor activity in scopolamine-induced AD-like changes in rats were markedly reversed by curcumin. Thus curcumin, as a natural compound present in turmeric, may be a more effective therapeutic agent in the treatment of AD in humans compared to available pharmacological kinase inhibitors that may have side effects. Further studies should be performed to identify the detailed mechanism of action curcumin in the management of AD.

![Proposed model for mechanism of action of curcumin in treatment of AD. Cdk5 is activated by its association with p25, as Cdk5-p25 complex is more stable than Cdk5-p35 complex. Activated Cdk5 induces GSK3 phosphorylation (Ser9/21, Tyr216) by direct/indirect regulation of several protein kinases and phosphatases. Ser9/21 phosphorylation of GSK3 renders GSK3 inactive. Activated Cdk5 directly or indirectly induces tau phosphorylation at sites Ser202, Ser396, and Thr205 through activated GSK3 (Tyr216) that results in the formation of NFTs in AD. Curcumin lowers the levels of Cdk5/p25 and active GSK3β (Tyr216) and increases the levels of inactive GSK3β (Ser9/21) in AD rats causing reduced tau hyperphosphorylation.](adr-3-adr190135-g005){#adr-3-adr190135-g005}
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